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Abstract
Objective: The renin-angiotensin system (RAS) and renal sympathetic nerve system (RSNS) are involved in the development of hypertension. The present study is designed to explore the possible roles
of the RAS and the RSNS in foot shock-induced hypertension.
Methods: Male Sprague-Dawley rats were divided into six groups: control, foot shock, RSNS denervation, denervation plus foot shock, Captopril (angiotensin I converting enzyme inhibitor, ACE inhibitor) plus foot shock, and Tempol (superoxide dismutase mimetic) plus foot shock. Rats received foot
shock for 14 days. We measured the quantity of thiobarbituric acid reactive substances (TBARS),
corticosterone, renin, and angiotensin II (Ang II) in plasma, the activities of superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px), and renal noradrenaline content. RAS component mRNA and
protein levels were quantified in the cerebral cortex and hypothalamus.
Results: The two week foot shock treatment significantly increased systolic blood pressure, which was
accompanied by an increase in angiotensinogen, renin, ACE1, and AT1a mRNA and protein expression
in the cerebral cortex and hypothalamus, an increase of the plasma concentrations of renin, Ang II,
corticosterone, and TBARS, as well as a decrease in plasma SOD and GSH-Px activities. Systolic blood
pressure increase was suppressed by denervation of the RSNS or treatment with Captopril or Tempol.
Interestingly, denervation or Tempol treatment both decreased main RAS components not only in the
circulatory system, but also in the central nervous system. In addition, decreased antioxidant levels and
increased TBARS and corticosterone levels were also partially restored by denervation or treatment
with Tempol or Captopril.
Conclusions: RAS, RSNS and oxidative stress reciprocally potentiate to play important roles in the
development of foot shock-induced hypertension.
Key words: renal sympathetic nerve denervation, foot shock, hypertension, renin-angiotensin system (RAS),
oxidative stress
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Introduction
Hypertension is a major risk factor for many
diseases, including coronary heart disease, cerebrovascular accidents (stroke), cardiac insufficiency and
renal insufficiency [1, 2]. Over half a century ago,
Imhof et al. observed that psychological stress leads to
an increase in blood pressure [3]. Data gathered since
then show that chronic psychological stress is one of
the major causes of sustained elevated blood pressure
[4, 5]. Psychological stress has been shown to activate
the hypothalamus-pituitary-adrenal cortex system in
humans [6, 7] and in animals [8], which may be one of
the mechanisms by which it affects blood pressure ,
which was mainly mediated by release of catecholamine, cortisol, vasopressin, endorphins and aldosterone [9, 10]. Another putative mechanism is through
the activation of the sympathetic-adrenal medullar
system [9, 11-13]. However, the precise mechanisms
by which psychological stress induces hypertension
are not clearly defined.
Clinical studies have shown the benefits of renal
sympathetic denervation in patients with refractory
hypertension [14, 15]. Percutaneous renal sympathetic
denervation has been promising in clinical trials in
reducing blood pressure in a safe and sustained
manner. The procedure has been accepted as a novel,
minimally invasive, device-based therapy that specifically targets and ablates the renal artery nerve with
radiofrequency waves without the need for permanent implantation [16, 17]. Besides its effects on reducing blood pressure, additional beneficial effects
from renal sympathetic denervation have also been
reported in diseases such as diabetes [18], renal dysfunction [15], cardiac hypertrophy [14], heart failure
[19], and other diseases [20]. However, an international expert consensus statement has pointed out the
limitation of application in patients due to lack of the
observation of the long-term physiological effects of
renal sympathetic nerve [18]. Therefore, long-term
observation in clinical trials should be carried out to
ensure the safety, reliability and efficacy of renal
sympathetic denervation. Furthermore, extensive
basic research must also be performed to provide
more solid evidence for the use of this procedure in
clinical patients.
The renin-angiotensin system (RAS) has been
shown to be a main regulator of blood pressure and
fluid homeostasis [21]. Recent studies have shown the
existence of local tissue RAS products: angiotensin II,
III, IV and Ang 1-7, each of which has its own function
in the tissue it is generated. These tissues and organs
include the brain, bone marrow, adipose tissue, epididymis, carotid body, liver, and pancreas [22]. Similar to the critical role of RAS in regulating blood
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pressure in the circulatory system, several studies
have probed the role of RAS in regulating blood
pressure in the central nervous system. Currently, all
known components of the RAS have been identified
in the brain, including the precursor of RAS and the
enzymes required for the production and metabolism
of angiotensin peptides and specific angiotensin type
1 (AT1) and AT2 receptors, [23]. Ang II has been reported to be involved in blood-pressure control and
body fluid and electrolyte balance through its interaction with AT1 receptors in the brain [24]. In the foot
shock stress-induced high blood pressure model, Ang
II has been shown to regulate blood pressure via activating hypothalamic vasopressin synthesis and release [3, 10]. Our recent report also demonstrated that
RAS potentiate hypothalamic vasopression expression in foot shock stress-induced high blood pressure
[25].
In the circulatory system, renal sympathetic
nerves and RAS have been reported to interact via
two mechanisms [26]. First, Ang II has been shown to
increase sympathetic nerve activity and oxidative
stress [27-29]. Indeed, our previous studies have
supported the hypothesis that Ang II induces hypertension through an increase in oxidative stress [30-32].
Second, the activation of the sympathetic nerve system increases RAS expression, synthesis or release
into the circulatory system [33, 34]. These two mechanisms exacerbate one another, resulting in the development of hypertension and renal injury [34].
However, the relationship between renal sympathetic
nerves, central RAS and oxidative stress is still unclear
in the context of stress induced hypertension.
Our present study was designed to use the foot
shock-induced hypertension model in rats to elucidate the interactions between the renal sympathetic
nerve system (RSNS), RAS, and oxidative stress. We
investigated possible mechanisms involved in foot
shock-induced hypertension using renal sympathetic
denervation, administration of angiotensin converting
enzyme inhibitor, or an antioxidant. Our data show
that RAS, RSNS and oxidative stress interact reciprocally, and all are involved in foot shock-induced hypertension.

Methods
1. Animal preparation
Ten-week-old male Sprague-Dawley rats were
used in this study. The animals were obtained from
Shanghai Laboratory Animal Center and maintained
at a controlled temperature of 25 °C with a 12/12
light/dark cycle. Rats were divided into eight groups:
control, foot shock, RSNS denervation, denervation
plus foot shock, angiotensin converting enzyme inhttp://www.ijbs.com
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hibitor (ACEI), (ACEI) plus foot shock, antioxidant,
and antioxidant plus foot shock. Fifteen animals were
used in each group. Rats exposed to foot shock were
individually placed into a foot shock stress box. In this
device, rats received electrical foot shocks (0.15 mA,
shocks of 5 sec every 30 sec) for 4 hr each session
through an electrified grid floor. Body weight and
systolic blood pressure were monitored for 30
minutes every day 2 hours after foot shock during the
test period by tail-cuff method. Rats in the RSNS denervation group were surgically denervated under
anesthesia (10% chloral hydrate) as previously reported [16]. In brief, rats were received bilateral flank
incision, and RSNS denervation was initiated by
stripping nervous and connective tissues from the
renal arteries and veins under light microscope, followed by coating these vessels with s solution of 10%
phenol in ethanol. Control-operated rats received a
similar surgical incision, but the renal nerves were left
intact. Rats were allowed to recover for one week before beginning the foot shock procedure. Rats receiving Angiotensin I-converting enzyme inhibitor (Captopril, 100 mg/kg/day) or superoxide dismutase
(SOD) mimetic (Tempol, 10 mg/kg/day) were treated
by intraperitoneal (ip) injection from the first day after
the start of stress to the end of stress [35-37]. On day
14, rats were sacrificed under 10% chloral hydrate
anesthesia (350 mg/kg ip). Plasma, cerebral cortex,
hypothalamus, and and kidney tissue were collected
and stored at -80 °C for further analysis. The present
study conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996). All procedures were approved by the
Animal Care and Use Committee of the University of
Szeged.

2. Real-time PCR
Total RNA was isolated from frozen tissues by
guanidinium isothiocyanate-acid phenol extraction
and quantified by measuring the absorbance at 260
nm. One microgram of total RNA was used for reverse transcription. Rat angiotensinogen (AGT),
ACE1, ACE2, and AT1a mRNAs were quantified by
real time PCR (prism7000; Applied Biosystems, Foster, California). The primer pairs for AGT cDNA were
5′- CAG GTT TGT GCA GGC TGT GA -3′ (forward)
and 5′- GAG CAT GGG CAC AGA CAC TGA -3′ (reverse). The primer pairs for ACE1 cDNA were 5′- TGC
CTC AGC CTG GGA CTT CTA -3′ (forward) and 5′CCC ATT TCG TGG TGG GCT A -3′ (reverse). The
primer pairs for ACE2 cDNA were 5′- AAT CGT AGG
CTC TGG GCT TGG-3′ (forward) and 5′- TTC GAT
CAA CTG GTT TCG GTT GTA-3′ (reverse). The pri-
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mer pairs for AT1a cDNA were 5′-AGT CCT GTT
CCA CCC GAT CAC-3′ (forward) and 5′-TCA GAC
ACT ATT CGA AAT CCA CTT G -3′ (reverse). The
primer pairs for β-actin cDNA were 5′- GGA GAT
TAC TGC CCT GGC TCC TA-3′ (forward) and 5′GAC TCA TCG TAC TCC TGC TTG CTG-3′ (reverse).
AGT, ACE1, ACE2 and AT1a mRNAs were normalized to β-Actin mRNA.

3. Western blot of cerebral RAS components
Expressions of cerebral RAS component AGT,
ACE1, ACE2, and AT1awere measured by western
blotting, as previous described [30, 35]. Briefly, cortex
or hypothalamus tissue was homogenized in cold
lysis buffer (Bio-Rad). Equal amount of protein (80 ug)
from each homogenate or lysate was resolved by 10%
SDS–PAGE. Proteins were transferred to PVDF
membranes (Hybond TM-ECL; Amersham Pharmacia
Biotech, Inc.). The membranes were blocked for 2 h at
room temperature with 5% skimmed milk in PBS and
0.1% Tween 20. The blots were incubated overnight
with 1:1000 diluted primary antibodies: monoclonal
anti-AGT, monoclonal anti-ACE1, anti-ACE2, anti-AT1a, and anti-GAPDH (Santa Cruz Biotech, Inc.),
followed by incubation for 1 h with a secondary antibody (HRP-conjugated anti-rabbit IgG; 1:2000).
Immunoreactive bands were visualized using enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech) and analyzed by NIH image software.
Data were normalized by GAPDH.

4. Quantification of effector molecules and
activities
Renal tissue were homogenized to measure
noradrenaline concentration, plasma concentrations
of corticosterone, renin, Ang II, lipid peroxidation
marker (malondialchehyche, MDA), and SOD (U.S.A.
TSZ biological Trade Co., Ltd. USA, noradrenaline:
R6413, corticosterone: R6410, renin: R6774, Ang II:
R6430, MDA: R6734, SOD: R6733) and GSH-Px
(Westang Biotechonology Inc. Shanghai, China,
F15626) activities, and were measured using a commercially available enzyme-linked immunosorbent
assay (ELISA) kits. All steps were performed according to the manufacturer’s instructions.

5. Statistical analysis
All data are presented as the mean ± S.E.M. Statistical significance between more than two groups
was tested using two way ANOVA followed by the
Newman-Keel test or an unpaired two tail Student’s
t-test. P values < 0.05 are considered statistically significant.
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Results
1. Effects of shock, denervation, ACEI and
Tempol on weight gain
Rat body weights were tracked during the entire
experimental procedure. Our data show no increase
in body weight in all groups receiving foot shock,
when compared with the control group, (Figure 1).
These results are different from our recent observations about restrain stress model reduced body
weight gain in mice [38].

Figure 1: Rat body weights in each group. Rat body weights were measured on
days 0, 3, 7, 10, and 14. Black circles represent the control group (n = 15), Black
squares represent the stress group (n = 15), black triangles represent the
denervation group (n = 15), inversed black triangles represent the denervation
plus stress group (n = 15), black diamonds represent the Captorpril group (n =
15), white circles represent the Captopril plus stress group (n = 15), white
squares represent Tempol group (n = 15), and white triangles represent
Tempol plus stress group (n = 15). Data are represented as mean ± SEM.
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2. Effects of shock, denervation, ACEI and
Tempol on systolic blood pressure (SBP) and
heart rate
SBP was measured on days 0, 3, 7, 10 and 14. The
SBP was significantly increased when compared with
the control group on day 7 (119.8 ± 3.1 vs. 95.0 ± 4.7
mmHg, p<0.05), day 10 (135.5 ± 3.9 vs. 99.5 ± 4.7
mmHg, p<0.05), and day 14 (134.2 ± 8.7 vs. 101.7 ± 4.7
mmHg, p<0.05) (Figure 2A). The group receiving denervation plus shock had SBP values of 97.8 ± 2.6,
105.3 ± 2.0, and 100.6 ± 1.8 mmHg on days 7, 10, and
14, respectively, which were markedly lower than SBP
values measured in the foot shock group (p<0.05).
Similarly, SBP values of the ACEI treatment group
were 106.0 ± 1.2, 97.5 ± 2.7, 86.5 ± 4.0 mmHg on days 7,
10, and 14, which were markedly lower than SBP
values measured in the foot shock group (p<0.05)
(Figure 2A). SBP values in the Tempol treatment
group were 109.0 ± 3.4, 103.9 ± 3.8, 100.3 ± 3.7 mmHg
on days 7, 10, and 14, respectively, also markedly
lower than the foot shock group (p<0.05) (Figure 2A).
Denervation of renal sympathetic nerve did not
markedly affect the SBP when compared to the control group. ACEI alone slightly decreased SBP, and
Tempol alone had no effect on SBP (Figure 2A)
Heart rates were also monitored on days 0, 3, 7,
10 and 14. The measured heart rates were not markedly different throughout the whole experimental
period between all groups (Figure 2B). These results
are concordant with previously published observations [10, 39].
These results indicate that RSNS, RAS and oxidative stress play important role in the foot
shock-induced hypertension.

Figure 2: Hemodynamic changes. (A) SBP changes in each experimental group. (B) Heart rates of each test group. Black circles represent the control group (n = 15),
black squares represent the stress group (n = 15), black triangles represent the denervation group (n =15), inversed black triangles represent the denervation plus
stress group (n = 15), black diamonds represent the Captorpril group (n = 15), white circles represent the Captorpril; plus stress group (n = 15), white squares
represent Tempol group (n = 15), and white triangles represent Tempol plus stress group (n = 15). Data are represented as mean ± SEM. * p< 0.05 compared with
control group on the corresponding day. † p<0.05 compared with stress group on the corresponding day.
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Figure 3: Plasma concentrations of renin and Ang II. Concentrations of renin (A) and Ang II (B) in plasma from each test group after a two week stress period. Data
of each group (n = 12) were presented as mean ± SEM. * p<0.05 compared with the control group. † p<0.05 compared with the stress group.

3. Effects of shock, denervation, ACEI and
Tempol treatments on plasma concentration
of renin and Ang II
In the foot shock group, the renin concentration
was 90.36 ± 9.13 μg/L, which was markedly higher
than that the concentration in the control group (63.45
± 7.63 μg/L, p<0.05, Figure 3A). The plasma concentration of renin in the denervation plus shock, ACEI,
and Tempol groups was 66.96 ± 6.83, 70.64 ± 9.17 and
72.18 ± 10.92 μg/L, respectively, which was significantly lower than levels measured in the foot shock
group (p<0.05, Figure 3A). Denervation alone did not
affect plasma renin concentration. ACEI alone increased plasma renin concentration compared with
control group (78.45 ± 6.54 μg/L, p<0.05, Figure 3A),
but Tempol alone had no effect on plasma renin concentration (60.78 ± 5.92 μg/L).
The Ang II concentration in the foot shock group
was 380.48 ± 25.80 μg/L, which was higher than the
measured concentration of the control group, which
was 328.53 ± 11.71 μg/L (p<0.05, Figure 3B). Denervation, ACEI, and Tempol treatments significantly
reduced Ang II concentration to 279.36 ± 36.68, 246.73
± 30.84, and 283.52 ± 24.47 μg/L, respectively. These
concentrations are significantly lower than the concentration measured in the foot shock group (p<0.05,
Figure 3B). Denervation alone also reduced plasma
Ang II concentration to 272.95 ± 33.10 μg/L, a level
markedly lower than measured in the control group
(p<0.05, Figure 3B). ACEI alone decreased plasma
Ang II concentration compared with control group
(234.70 ± 45.30 μg/L, p<0.05, Figure 3A), but Tempol
alone had no effect on plasma renin concentration
(297.80 ± 31.70 μg/L).

These results indicate that RSNS and oxidative
stress are involved in foot shock-induced increases of
circulatory RAS.

4. Effects of shock, denervation, ACEI and
Tempol treatments AGT, ACE1, ACE2 and
AT1a mRNA expression in the cerebral cortex
and hypothalamus
In the cerebral cortex, AGT, ACE1, ACE2, and
AT1a mRNA expression (1.97 ± 0.31, 1.36 ± 0.10, 1.41 ±
0.15, 4.09 ± 0.64-fold of control, respectively) was significantly increased in the foot shock group when
compared with the control group (p<0.05 vs. control,
Figure 4A, 4B, 4C, 4D). Denervation, ACEI, and
Tempol treatments significantly attenuated the foot
shock-induced increases in AGT, ACE1, ACE2, and
AT1a mRNA expression (p<0.05 vs. foot shock group,
Figure 4A, 4B, 4C, 4D). Denervation itself and Tempol
alone did not affect AGT, ACE1, ACE2 and AT1a
mRNA expression in the cerebral cortex. ACEI alone
markedly increased mRNA expressions of AGT,
ACE1, ACE2 and AT1a in the cerebral cortex.
In the hypothalamus, AGT, ACE1, ACE2, and
AT1a mRNA expression (1.39 ± 0.15, 1.38 ± 0.10, 1.23 ±
0.06, 2.33 ± 0.18-fold of control, respectively) was significantly increased in the foot shock group when
compared with the control group (p<0.05 vs. control,
Figure 5A, 5B, 5C, 5D). Denervation, Captopril, and
Tempol treatments significantly inhibited foot
shock-induced increases in AGT, ACE1, ACE2, and
AT1a mRNA expression (p<0.05 vs. foot shock group,
Figure 5A, 5B, 5C, 5D). Denervation itself and Tempol
alone did not affect AGT, ACE1, ACE2, and AT1a
expression in hypothalamus. ACEI alone markedly
increased mRNA expressions of AGT, ACE1, ACE2
and AT1a in the cerebral hypothalamus.
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Figure 4: AGT, ACE1, ACE2, and AT1a mRNA expression in the cerebral cortex. (A) AGT mRNA expression from each test group, (B) ACE1 mRNA expression
from each test group, (C) ACE2 mRNA expression from each test group, (D) AT1a mRNA expression from each test group. All data were normalized to β-actin.
Control group data (n = 15) are expressed as 1. Data of stress group (n = 15), denervation group (n = 15), denervation plus stress group (n = 15), Captorpril plus
stress group (n = 15) and Tempol plus stress group (n = 15) were expressed as fold of control group. Data were presented as mean ± SEM. * p< 0.05 compared with
control group. † p<0.05 compared with stress group.

Figure 5: AGT, ACE1, ACE2 and AT1a mRNA expression in the hypothalamus. (A) AGT mRNA expression in each test group, (B) ACE1 mRNA expression in each
group, (C) ACE2 mRNA expression in each group, (D) AT1a mRNA expression in each group. All data were normalized to β-actin. Control group data (n = 15) were
expressed as 1. Data of stress group (n = 15), denervation group (n = 15), denervation plus stress group (n = 15), Captopril group (n = 15), Captorpril plus stress
group (n = 15), Tempol group (n = 15) and Tempol plus stress group (n = 15) were expressed as fold of control group. Data were presented as mean ± SEM. * p<0.05
compared with control group. † p<0.05 compared with stress group.
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5. Effects of shock, denervation, ACEI and
Tempol treatments AGT, ACE1, ACE2 and
AT1a protein expression in the cerebral cortex and hypothalamus
In the cerebral cortex, AGT, ACE1, ACE2, and
AT1a protein expression was significantly increased
in the foot shock group when compared with the
control group (p<0.05 vs. control, Figure 6A, 6B, 6C,
6D). Denervation, ACEI, and Tempol treatments significantly attenuated the foot shock-induced increases
in AGT, ACE1, ACE2, and AT1a protein expression
(p<0.05 vs. foot shock group, Figure 6A, 6B, 6C, 6D).
Denervation itself and Tempol alone did not affect
AGT, ACE1, ACE2 and AT1a protein expression in
the cerebral cortex. ACEI alone markedly increased
protein expression of AGT, ACE1, ACE2 and AT1a in
the cerebral cortex.
In the hypothalamus, AGT, ACE1, ACE2, and
AT1a protein expression was also significantly increased in the foot shock group when compared with
the control group (p<0.05 vs. control, Figure 7A, 7B,
7C, 7D). Denervation, Captopril, and Tempol treatments significantly inhibited foot shock-induced increases in AGT, ACE1, ACE2, and AT1a protein expression (p<0.05 vs. foot shock group, Figure 7A, 7B,
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7C, 7D). Denervation itself and Tempol alone did not
affect AGT, ACE1, ACE2, and AT1a expression in
hypothalamus. ACEI alone markedly increased protein expression of AGT, ACE1, ACE2 and AT1a in the
cerebral hypothalamus.
These results suggest that RSNS and oxidative
stress play a role in foot shock-induced increases of
cerebral RAS expression.

6. Effects of shock, denervation, ACEI, and
Tempol treatments on plasma SOD, activity of
GSH-Px, and TBARS levels
The activity of SOD in plasma in the foot shock
group was 55.30 ± 5.78 U/L, which was markedly
higher than the activity level found in the control
group, which was 137.48 ± 7.38 U/L (p<0.05, Figure
8A). The plasma SOD activity in the denervation plus
shock, ACEI, and Tempol groups was 84.56 ± 4.24,
126.35 ± 5.48, and 102.00 ± 4.00 U/L, respectively.
These levels were markedly higher than levels measured in the foot shock group (p<0.05, Figure 8A).
However, denervation alone and Tempol also significantly affected plasma SOD activity when compared
with the control group (Figure 8A). ACEI alone had
no effect on plasma SOD activity.

Figure 6: AGT, ACE1, ACE2, and AT1a protein expression in the cerebral cortex (n = 10). (A) AGT protein expression from each test group, (B) ACE1 protein
expression from each test group, (C) ACE2 protein expression from each test group, (D) AT1a protein expression from each test group. All data were normalized
to GAPDH protein expression. Data were presented as mean ± SEM. * p< 0.05 compared with control group. † p<0.05 compared with stress group.
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Figure 7: AGT, ACE1, ACE2, and AT1a protein expression in the cerebral hypothalamus (n = 10). (A) AGT protein expression from each test group, (B) ACE1
protein expression from each test group, (C) ACE2 protein expression from each test group, (D) AT1a protein expression from each test group. All data were
normalized to GAPDH protein expression. Data were presented as mean ± SEM. * p< 0.05 compared with control group. † p<0.05 compared with stress group.

Figure 8: Plasma SOD and GSH-Px activities and TBARS levels. Plasma SOD activity (A), GSH-Px activity (B), and TBARS levels (C) in each test group after two week
stress period were measured. Data from each group (n = 15) are presented as mean ± SEM. * p<0.05 compared control group. † p<0.05 compared with stress group.
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The activity of GSH-Px in plasma from the stress
group was 104.08 ± 11.16 U/L, which was reduced
when compared with the control group (141.56 ± 8.56
U/L, p<0.05, Figure 8B). The activity of GSH-Px in the
denervation plus shock, ACEI, and Tempol treatment
groups was 133.52 ± 11.52, 128.50 ± 13.14, and 120.44 ±
5.28 U/L, respectively. These activity levels were
markedly higher than level measured in the foot
shock group (p<0.05, Figure 8B). Denervation, ACEI
and Tempol alone did not affect plasma GSH-Px activity (Figure 8B).
Foot shock markedly increased plasma TBARS
levels when compared with the control group (131.18
± 0.91 vs. 108.20 ± 4.37 mmol/L, p<0.05). Plasma
TBARS level in the denervation plus shock, ACEI, and
Tempol treatment groups was 116.93 ± 9.38, 111.11 ±
10.38 and 107.18 ± 6.65 mmol/L, respectively. These
levels were markedly lower than those measured in
the foot shock group (p<0.05, Figure 8C). Denervation
and ACEI alone did not affect plasma TBARS levels
(Figure 8C). While Tempol alone markedly reduced
plasma TBARS levels.
These results reveal that RSNS and RAS play a
role in foot shock-induced increase of oxidative stress.

7. Effects of shock, denervation, ACEI, and
Tempol on renal noradrenaline concentration
and plasma concentration of corticosterone
The renal noradrenaline concentration in the foot
shock group was 76.60 ± 7.38 ng/mg protein, which
was significantly higher than the concentration in
control group, which was 58.81 ± 4.14 ng/mg protein.
Interestingly, denervation, ACEI and Tempol reduced
renal noradrenaline levels to 34.32 ± 3.06, 53.60 ± 6.16,
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and 47.60 ± 5.16 ng/mg protein, respectively (p<0.05
vs. foot shock group, Figure 9A). However, denervation, ACEI and Tempol alone had no effect on renal
noradrenaline levels. These results indicate that foot
shook do increase renal sympathetic nerve system,
and confirm the success of renal sympathetic nerve
denervation.
The plasma concentration of corticosterone in the
foot shock group was 218.51 ± 24.95 μg/L, which was
significantly higher than the concentration in the
control group, which was 182.99 ± 14.58 μg/L. Similarly, denervation, ACEI, and Tempol reduced plasma
corticosterone levels to 160.24 ± 8.27, 194.19 ± 3.32 and
162.51 ± 17.83 μg/L, respectively (p<0.05 vs. foot
shock group, Figure 9B). However, denervation, ACEI
and Tempol alone had no effect on plasma corticosterone levels. These results confirm that foot shock
induce rat under stress condition, and this stress condition could be partially alleviated by renal sympathetic denervation, ACEI or antioxidant.

Discussion
In the present study, we observed that renal
sympathetic denervation, ACEI and antioxidant
treatment attenuated foot shock-induced increases of
SBP, cerebral and circulatory RAS components, lipid
peroxidation, and stress hormone. The treatments also
attenuated the foot shock-induced decreases in antioxidant levels, suggesting important roles for RAS
and oxidative stress in regulating blood pressure in
response to chronic stress. These results also indicate
an interaction between central RAS, the peripheral
nervous system, and oxidative stress.

Figure 9: Renal concentration of noradrenaline and plasma concentrations of corticosterone. The concentration of noradrenaline in renal tissue (A) and the
concentration of corticosterone in plasma (B) in each test group were measured after the two week stress period. Data from each group (n = 15) are presented as
mean ± SEM. * p<0.05 compared control group. † p<0.05 compared with stress group.
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Previous evidence has shown that stress is an
independent factor in cardiovascular events, possibly
by maintaining high blood pressure [6, 9, 40-42]. It
was widely accepted that stress increases blood
pressure via the hypothalamus-pituitary-adrenal cortex [6, 7] and sympathetic-adrenal systems [9, 11-13].
Our present study demonstrates the increase of
plasma corticosterone and renal tissue noradrenaline
contents in response to foot-shock, indicating the activation of adrenal system. Renal denervation reduced
RAS expression and oxidative stress markers suggest
that activation of adrenal system is responsible for the
activation of RAS and the increase of oxidative stress.
Since the discovery of RAS, its role in the regulation of blood pressure has been widely investigated,
not only in the peripheral circulatory system, but also
in the central nervous system [10, 43, 44]. It was reported that Ang II participates in stress-induced high
blood pressure by stimulating the synthesis and release of hypothalamic vasopressin [10]. Other RAS
components have also been demonstrated to be involved in the regulation of blood pressure in the nucleus tractus solitarii [44], paraventricular nucleus and
rostral ventrolateral medulla [45]. Our present study
also demonstrates the increase of RAS component
mRNA levels in the central nervous system (cerebral
cortex and hypothalamus). Interestingly, we observed
that the increase in mRNA expression of these components is suppressed by both ACEI and Tempol
treatment and renal sympathetic nerve denervation.
This data clearly suggest that one: oxidative stress
play a role in increase of RAS expression, two: sympathetic nerve activation feed-back to regulate central
nervous system RAS component expression, which
plays a role in the elevation of blood pressure in our
foot shock stress model. Although we observed that
ACEI alone had significant effects on central nervous
RAS mRNA expressions and circulatory renin content
due to negative feed-back effect, and also the inhibitory effects on circulatory Ang II, we could not find
these effects in ACEI treated foot-shock group. Further study may be needed to explore this issue.
It should also be noted that brain ACE2 has been
reported to exert antihypertensive effects in neurogenic hypertension [46]. However, our present paper
shows that chronic foot shock stress also increases
ACE2 mRNA expression in the cerebral cortex and
hypothalamus, accompanied by other components
such as AGT, ACE1 and AT1 and an increase in blood
pressure. Our interpretation is that the increase may
be due to auto-regulation in response to elevated
blood pressure or ACE2 could not antagonize the
hypertensive effects of other components such as Ang
II, AT1. Alternatively, increases of ACE2 mRNA ex-
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pression in the cerebral cortex and hypothalamus are
maybe due to the different animal model applied in
the our experiments and the previously published
report.
Although RAS components increase their expressions in foot shock-induced hypertension, the
mechanism by which they affect hypertension must
still be elucidated. Our previous study demonstrated
that, following the administration of Ang II, the increased blood pressure was sensitive to antioxidant
treatment, which suggests that body antioxidant levels are important in maintaining high blood pressure
[30-32]. In the present study, our data show that
chronic foot shock reduces plasma antioxidant levels
(GSH-Px and SOD activities) and increases lipid peroxidation. Antioxidant treatment not only reversed
antioxidant levels and decreased lipid peroxidation,
but it also attenuated the increase in blood pressure,
suggesting that oxidative stress is involved in foot
shock-induced hypertension. Furthermore, denervation and ACEI treatments also restored antioxidant
levels and decreased lipid peroxidation, suggesting
that sympathetic nerve activation and the subsequent
RAS increase-induced hypertension are mediated by
oxidative stress. More importantly, antioxidant
treatment also reduced central RAS component expression, suggesting that central RAS has a complex
mechanism of regulation.
Although it was reported that Ang II can influence the hypothalamus-pituitary-adrenal system by
enhancing the synthesis and secretion of corticotrophin-releasing hormone, adrenocoticotrophic hormone, and corticosterone [47-49], how exactly Ang II
and other RAS components influence these systems is
still unclear. In the present study, we also observed a
foot shock-induced increase in plasma corticosterone
levels,
suggesting
that
the
hypothalamus-pituitary-adrenal system is activated in our
model. However, our data also demonstrate that
ACEI and antioxidant treatments both reduce plasma
corticosterone levels, suggesting another mechanism
by which the hypothalamus-pituitary-adrenal system
may be activated.
Due to the high morbidity and mortality of cardiovascular diseases, more and more efforts are being
made to explore the mechanisms behind their pathogenesis. Although new treatment strategies have been
developed and widely applied, they have met with
unsatisfactory outcomes in clinical patients. In our
modern society, people inevitably encounter more
and more stress, which directly affects their health.
Therefore, it is increasingly important to elucidate the
mechanism of stress induced hypertension and cardiovascular diseases.
http://www.ijbs.com
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In conclusion, our present paper demonstrates
the role of RAS and oxidative stress in chronic foot
stress-induced hypertension, revealing a possible
mechanism of chronic blood pressure regulation. This
regulation may take place through the interactions
between the sympathetic nerve, RAS, and oxidative
stress (Figure 10), which is one factor could potentiate

662
another factor to form a vicious circle to enhance the
development of hypertension. Taken together, these
data provide a better understanding of the pathogenesis of hypertension and present novel strategies in
the prevention and treatment of stress-induced hypertension.

Figure 10: Possible mechanism of foot shock-induced hypertension. RAS indicates renin angiotensin system, and RSNS indicates renal sympathetic nerve system.
RAS could increases oxidative stress and RSNS activity, oxidative stress could increase RAS expression and RSNS activity, also RSNS activation could increase
oxidative stress and RAS expression. The reciprocal interaction of these factors contributes to stress-induced development of hypertension.
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